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SECTION I

INTRODUCTION

The objectives of this p rogram are to design , f a b r i c a te , and evaluate a

general-purpose , electron icall y programable , binary/ana l og CCD correlator.

The device features prog rammability of the reference si gna l , the c o r r e l a t o r

leng th , and weighting coefficien t accuracy. Off-chip circuitry is mi n imized by
including all c lock drivers , output—amp lifiers , log ic , and analog a nd di g ital

s h i f t  reg is ters , on-chip. This resul ts in an integrated filter circuit tha t

has the versatility to be operated in nine prog rammable configurations , the reb y

g iving it the flexibili ty to be used in a wide variety of filtering and correla-

tiori app l ications.

Section I of this report desc ribes the operation of the prog rammable

binary/analog correlator and the architecture necessary to realize a general-

purpose integrated filter . Section I concludes with a breakdown of the princi-

pal constituen t cells of the general-purpose correlator and a summary of the

accomplishments to da te. Section II contains a technica l discussion of the

Ci rcuits desi gned .

A. Binary/Analog Correlator Operation

In a conventional CCD transversal filter the wei gh ting coefficients are

imp l e mented by use of the well-known split electrode technique and are there-

fore fixed . Although such filters have a number of important applications in

Air Force System s , there are applications where it is necessary to electron i call y

program the weighting coeffic ients. Of the presen t programable techniques ,

the most attractive for matched filtering and correlation tracker applications

is the binary/analog approach .

Electronic programm ability is achieved in the binary/analog approach by

decomposing each one of the wei ghting coefficients into a binary representation

that can be loaded into a static shift register , as illustrated in Fi gu re I .
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For N—bit accuracy of each weighting coefficient N parallel CCD bina ry/analog

correlators are required , so that hn 
is represented with M-bit accuracy by

hn hk 2-k (1)

The most significant bit h~ of each wei ghting coefficien t is l oaded into

the static shift reg ister , shown as elongated rectangles in the filter at the

top of the figure. The second most si gni fican t bit h ’ of each coef ficient is

loaded in to the second coefficient store , and the leas t si gni ficant bit h
M I

is loaded into the coefficient store shown at the bottom of the fi gure . The

analog signal must be wei ghted by the appropriate factor of 2~~~~~
1 ) 

a t ei the r
the input or output of each correlator. In Fi gure 1 the wei gh t i n g  is pe r fo rmed
at the input to the correlators , with the ana l og si gnal applied withou t attenua-

t ion to the top filter (most significant bit) and attenuated by a factor of two

at the input of the second filter (second most significant bit) . At the input

to the bottom filter (least si gnificant bit) it is attenuated by a factor of

The choice of whethe r input or output si gnal weighting is emp l oyed , or a

mixture of both , depends on the application . Input signa l weighting is simp ler

to implement as capacitor ratio techniques can be used , whereas output wei ghting

requires amp lifiers with accurately controlled gain. However , outpu t signal

we ighting is desirable in some application s because of a dynamic range limita-

t ion associated with the input weighting configuration . For genera l -purp ise F

correlators it may be des i rable to perform a mixture of both input and output

weighting to strike a balance between dynamic range , the number of integrators

required , weighting coefficien t accuracy, and log ic simplicity.

3



The tota l weighting coefficien t for any one of the M pa rallel CCD bits

is determined by the sum of the coefficients in the N pa rallel static shift

register bi ts.  Consequently, when the outputs of each fi l te r  are summed to-
gether as shown in Figure 1 , the result is

V (z ’l N , N N
H (z) = out = :  hO Z n + 2

_ 
Z hl Z

_
~
1

÷ . . . ± 2 (M
~~~ T hM l

:~
1 (2)V . (z) n n nin nor ! n=l n=1

= 
~ 

[
M~ l 

(h~ 2 -
~~)] z~~ (3)

n=I k=O

N
~
= h Z n 

- 
(4)

n=l

Prog rammabil i ty of the CCD we ighting coeff icients is achieved by using the
coeff icient code in the stat ic shift reg ister to determine the relative timin g

of charge transfer in the four-phase CCD regi ster.  This is described in detai l
in Section 11.5. In essence , the coeff icient code in each of the static shift

register ce l l s  determines when the charge in the corresponding CCD bit t ransfers
to the elec t rode that is connected to the DCI. If the charge is t ransferred
earl y at t 1, the charge packet is samp l ed underneath the sense elec trode arid

contributes to the integrator output during that cycle . If the charge is trans-

ferred late at t2, after the integratur samp ling period has finished , the charge

does not contribute to the output. In the time interva l between t 1 and t2 the

output si gnal is available and given by:

Q0~t (n) = Z  h
~ 

Q5jg (n - i) . (5)

As described thus far , the device can only handle uni polar si gnals. For

a cignal of either si gn to be used it must be added to a fat zero, which also

1+



improves the charge transfe r eff ic iency. The actual ~CD input is then Q
5jg

÷ 

~FZ 
arid the output t ’ r- t~~ a single binary/analog filter is given by:

~out~~~ 
h 1 [ Q FZ ~ Q5j g)( n - II I  (6)

= E h1 ~FZ ~ 
- 1) h. Q~ j g (n - i) - (7)

The f i r s t  term represents a code—dependent of fset and must be eliminated . The

second te ’-m is the desired signa l. To eliminate the f i rs t  te r° . a pa ra l le l

f i l t e r- must be added in which the input si gnal is inverted , i.e., the input to

the sec .~nd CCD becomes - Q .
9
. The output of the pa ra l le l  f i l te r  is then

~iveri by:

Qout (n) = 

i~~l 
h~ ~FZ 

(n - i) - h1 ~si g (n - i) . (8)

When the two CCD outputs are connected to a dif fex ential current integra tor,

the ‘~- ‘desire d terms cancel , resul t ing in the DCI output being g iven b y

i=l 
2h. (n - i) . (9)

The diffe rential approach for imp l ementing coefficients with multi ple—bit

accuracy is illustrated in Fi gure 2, where the confi guration correlates N analog

samples with N dig ita l words , each of which is represented by M-bit s . in  this

scheme the wei ghting is applied to the analog signals at the input of the CCD

shift registers. The summing of the M paralle l channels is accomplished by a

parallel connection of the and clock buses . Thus , only one differential

cur~cnt integrator (DCI) is regui-’ed .

5
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The sal ient points of the binary/analog approach to p rogrammable correlators
are :

• One-bit programmable Filters in wh i ch h
n 

ca n he 1 or 0.

• Capab ility to expand to M-bit accuracy by combin ing M binary/analog

correlators i” paral le l  with the appropriate ga in .

• Capability to program the filters to the desired length (N or 32 , 614 ,

128 , etc.) and to cascade filters to achieve longer filters .

• Weighting coefficient accuracy sufficient to give ei ght-bit resolution

on weighting coefficients (i.e., wei gh ting coefficient accuracy of O.2~~,

~ LSB).

• Minimization of off-chip circuitry. All clock drivers , output amplifiers ,

static shift registers , etc., are on—chip.

• Capability to utilize a microprocessor to read data out of memory into

the code reg isters .

• El imination of the code-dependent output dc leve l p roblem . A code-

independen t dc level is essential for spread spec t rum and EC M ap p l ica-

t ions.

B. Arch itecture for a General—Pur pose Correlator

A general-pu rpose architecture for an electron i call y programm able l024-stage

b i n ary/an a ’og correlator is shown in the simplified bloc k diagra m of Figure 3.

The a~ chitecture is arranged so that the lO21+-stage device is folded into ei ght F

128-stage section s with the output of each section fed via a unity gain amp lifier

to the input of the nex t 128-stage device . This provides a convenient point to

insert an alternative input signal , together wi th the necessa ry log ic for select—

ing the filter confi guration desired .

To achieve multi ple-b it accuracy, some of the signal weig htin g is pe r formed

at the input and some at the output , as this y ields the optimum balance be tween

7
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dynam ic range , weigh ting coefficient accuracy, the num ber of DCIs , a nd log ic

s imp licity. The rectang les labeled Xl , X~ through  wh ich  the in put passes

indicate that the inp ut s igna l  is passed w it h un it y ga in ( X l )  and w i t h  5O~
attenuation (Xi) . The input selection switches to the corre lators determine
whether the attenua ted or unattenuated signal is applied tc the corre lator
input. The remainder of the si gna l  we i ghting is performed a t the outpu t of the

cor rela tors.

The correlation outputs of the co rrelators (outpu t at the top of each
correlator) go to the differential current integrators and summing amp l i f iers
labeled 2. By summing the correlation outputs in pairs , the number of DCI

amp l i f i e r s  requ i red is onl y fo u r . The DCI oLtputs are summed through two switched ,

wei ghted summat ion stages tha t de term ine the mode of ope ra ti on .

The flexibility of the architecture chosen to realize the general-purpose

correlator chip is i l lustrated by the nine possible operating confi gurations
described below .

Single Mode

I. 1 024-staqe by I bit. In this mode the input is applied to V~~(l).

and the output is taken from v0Ut (7) . The inputs to each correlator are sw i tched

to the l ower position so tha t the serial output from the preceding correlator

is applied to the input. The switches on the outputs all select the unity gain

ampl if iers.

2. 512-stage by 2 bits. In this mode of operation the input is applied to
in . out . . -V (1), and the output is taken from V (7). The Xl input is applied to

correlator 1 , and X~ input is app lied to correlator 2. The inputs of all other

correlators are switched to the centra l position such that the unattenuated (Xl)

signal passes from correlator I to correlator 3 to correlator 5 to correlator 7.

and the attenuated (Xi) signal passes from correlator 2 to correlator 4 to

9



correlator 6 to correlator 8. The output amplifiers are all switched to the

unity gain setting and summed to provide the output at V0~
1t (7) .

3. 256-stage by 1+ bits. Four—bit and 8-bit operation are the only modes

that utilize output amplifier settings at other than unity gain. The connections

for this mode of operation are illustrated in Fi gure 3. The same inpu t is

applied to both v”(l) and V’~ (3). The top four correlators perform a 256-stage

by 2—bit correlation with the most significant bit (MSB) and the second si gnif i-

cant bit (2SB), and the bottom four correlators perform a 256—stage by 2—bit

correlation with the third si gnificant bit (3SB) and the least si gnificant bit
out out . out

(LSB). The outputs V (5) and V (6) are then summed together with V (6)

being summed through the X1 amplifier to provide the ‘4-bit weighted output at

v
Out (7) .

‘4. 1 28-stage by 8 bits. In this mode of operation the input is applied
in in in insimu l taneously to V (1), V (2), V (3), and V (4) . The top four correlators

perform a 128—stage by k—bit correlation with the MSB , 2SB , 3SB , and 4SB; the

bottom four correlators perform a 128-stage by k-bit ccrrelation with the 5SB ,

6sB , 7SB, and LSB. The output v
0Lt (6) is then summed tt1 -ough the X l /l 6 amplifier ,

together with V
0
~
t
(5) , to provide the 8—bit correlation at v

0ut (7)

Dual Mode

5. 512—stage by 1 bit. In this mode the two inputs are applied to V’~
’(l)

in out out
and V (3), and the outputs are taken from V (5) and V (6). Operation is

similar to the 102k-stage by I bit except that the switch at the input to the

fifth correlator is in the upper position so that V~
i
(3) is applied to the input.

The outp uts V
0Ut (5) and VOut (6) are taken sepa rately instead of being summed to

give v0ut (7)

6. 256-stage by 2 bits. In this mode operation is simi lar to the 512-stage

by 2—b it mode except that inputs are made at v’~ (l) and v”~(3) , and outputs are

taken a t V
Ohs t (5) and V

0Ut (6) .

10



7. 128-stage by ‘4 bits. In this mode of operation the top four correlators

perform one 128-stage by k—bit correlation and the bottom four perform another.

Input I is applied simu l taneously to v’~~( l )  and V’~’(2), and inpu t 2 is app l ied
in in Out out

simultaneously to V (3) and V (‘4) . V (2) and V (4) are summed through the

X* amp l ifier, to VOut (l) and v
OUt (3) to provide the two outputs at V0Ut (5) and

v
Out

(6).

Quad Mode

8. 256—stage by 1 bit. In this mode the fou r inputs are applied to
H 

V
rn
(2), V~~(3), and v111 (k) ; and the four outputs are taken at VOut (l), vOhi t (2 ) ,

out Out
V (3), and V (‘4) . Cor rela tors 1 , 3, 5, and 7 select the Xl inpu t (upper

posi tion); and correlators 2, 4, 6, and 8 select the output from the previous

correlator (lower position).

9. 128-stage by 2 bits. In this mode the pairs of filters operate sep-
F in in in in

arately. Inputs are made at V (1), V (2), V (3), and V (4); outputs are taken

at VOUt (l), V
0U1 t

(2), V
0Ut

(3), and v
OUt

(k).

C. Consfituent Cells

The architecture of the general-purpose binary/ana l og correlator can be

b roken down into the following princi pal on-ch ip cells.

• 16 x 128-bit four-phase CCD5 
-

• 16 x 64—bit static binary shift registers for storing the reference

sig nal

• Switching circuitry for selecting the filter configuration and operating

mode; either single , dual or quad

• 16 x unity gain charge amp lifiers (CVAMP5) for l inking the output of one

128—s tage CCD to the input of the next

• 7 x DCIs/sumlng amplifiers

• Microprocessor interface circuitry for loading the reference si gnal
f rom memory into the static shift registers

• Clock generation and drive circuits.

11



D. Accompli shments to Date

• An overall l ayout scheme has been developed (see Figure 1+) resul t ing

in a chi p size of approximatel y 7. 1 x 6. 2 mm2 (2 80 x 21+5 m i l s 2 ) .

• A bus l ine s t ruc tu re  has been devised that  s t r i kes  a ba la f l ce  between

length of routin g (and hence resistance and capacitance) with the

number of crossovers and crossunders .

• The input , output , and filter mode selection circuitry has been desi gned

arid laid out.

• The digital shift— reg ister cell has been desi gned , laid out , and
simulated. The cell has also been included on a TI—funded test bar

and should be ava i l ab le  for evaluat ion during March.

• The CVAMP design has been comp leted , laid out , and /imulated. T h i s

ampli f ier has a lso been included on the same test bar as the di g i ta l
shift—register cell.

• A clocking scheme has been devised for shiftin g the cha rge from the out-

put of one CCD through the CVAMP to the input of the next CCD during

one clock cycle. This scheme allows cha rge to move throug h onl y one

CCD bit and therefore prevents the loss of any correlation samp l es.

• The CCD cells have been designed and laid out.

• Circuitry has been designed and simulated to allow the refe rence signal

to be loaded into the s ta t i c  shift-register under microp rocessor cont ’ol .

• The d i f ferent ia l  current integrators and output—summing amp l i f i e rs  have

been desi gned and simulated.

• The complete clocking requirements of the device have been evaluated and

the various loading capaci tances ca lcu la ted .  The c lock dr ivers  have been
designed and simulated and are currentl y being laid out . The clock

generation circuitry has been designed and simulated .

• Accuracy considerations require that the X l and X~ signal amp lifiers ,

which are located ahead of the correlators. be p l aced off-chip.

12



Input Switches and C lock
Buses , ‘40 x 21+0 m il

2 
55 x 21+0 mil 2

16 x 128—Bit  CCDs CVAMPs ,
DC Is ,
Output
Switches ,

16 x 6k-Bit Static Clock
Shift Registers Buses

Z 155 x 240 mil
2

Clock Generation and Drivers

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~245 x kO mil 2

2k5 nijl

Figure 1+ Chip Layout of the General-Purpose Correlator
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S E C T I O N  I I

GENERA L PURPOSE BINARY/ANALOG CORRELATOR DESIGN

A. F i lt e r  Length, Wei ght ing Accuracy ,  and Mode S e l e c t i o n  C i r c u i t r y

To externall y select anyone of the nine f i l t e r  c o n f i g u r a t i o n s  a four -b i t

input word is required , which therefore necessitates an on-chip four—bit to nine-

l ine decode c i r cu i t .  Table 1 shows the irout word required to se lec t  any one of

the ni”e f i l t e r  conf igurat ions.  The outputs from the decode c i r c u i t r y  are fed

to the input and output switches S l—S lO , (see Fi gure 3 for i d e n t i f i c a t i o n  of

s w i t c h e s ) .  A number of the l ines , howeve r . may be combined as sorr e of the input

switch positions in the sing le , dual , and quad modes are i d e n t i c a l , w h i l e  the

output switches are in ‘‘don ’ t care ’’ positions. The resulting lines tha t  can be

combined through OR gates are 3 with 6. and 4 and 7 with 9. (For de fin ition of

the va r ious  f i l t e r  con f igu ra t i ons  see T a b l e  I . )  I t i s t h e r e f o r e  onl y necessary

to route six contro l  l ines to the input swi tches and Fi ve l ines to the output

sw i t ches .  Figure 5 shows the sw i t ch ing  c i r c u i t r y  for s e le c t i n g  the f i l t e r

length and wei ght ing coe f f i c ien t  accuracy .

In addi t ion to t he swi tch ing for se lec t ing  the length and wei gh t ing  accuracy

of the filters , input and output mode swi tches are required to in terconnect  the

various inputs and outputs for the sing l e , dual, and quad modes of operation .

Mode selection is imp l emented by using OR gates in conjunction with switches across

the various input and output lines [see Figures 6(a) and 6(b)1 . The mode

selection switching results in fou r output and sixteen input leads . (The sixteen

inputs are due to the X l and X~ funct ion s being o f f — c h i p; in Fi gu r e  3 each

128-stage correlator incorporates a differential pair.)

B. Programmab le Weighting ing a Four-Phase CCD

In the orig inal proposal fcr the binary/ar ~ log ~~r r e l ator , No . 23—R77. the

programmable weig hting scheme was discussed with re fe rence to a two—p hase CCD •

S t r u c t u r e . Since that time a four-phase CCD technology has been deve l oped ,

“4 
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Table 1

F i l t e r  Configuration Versus Input Select Word

Fi 1 ter Confi guration Mode liput Word
A B C ~

(I) l32L4~~ tage b y I—bit Sing le 1 0 0 0

(2) 512—stage by 2 bits Sing le 0 1 0 0

(3’ 256-stage by 1~ bits Sing le 1 1 0 0

L4) 128—sta ge  by 8 b i t s  Sing le 0 0 1 0

(5) 5 1 2 — s t a g e  by 1 bit Dual 1 0 1 0

(6) 256—stage by 2 bits Dual 0 1 1 0

‘ 7)  128—s tage by 4 bits Dual 1 1 I 0

(8) 256-stage by 1 bit Quad 0 0 0 1

(9) 128—stage by 2 bits Quad 1 0 0 1
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offering the advantages of fewer processing steps and highe r yield . The p ro-

grammable weighting scheme has been adapted to suit the four-p hase structure ,

and Figure 7 shows a section of such a CCD with p lots of the surface potential

at various time s durin g cha rge trans fe r and the driving waveforms.

In a similar way as was accomplished wi th the two-phase s t r u c t u r e , p ro-

g r a mm a b l e  wei ghting i s  imp l emented b y selec tive l y con t r o l l i n g  the t ime of

charge transfe r from one well to the next. The four-electrode CCD has two

c locked  e l ec tr odes , 
~~ 

and 
~2’ 

and a dc—biased bar rier electrode , w h i c h

se rves to reduce clock feedthroug h from to the sense electrodes , ~~~ The

electrodes are in common on the output summing bus, which is tied to an

in tegrator that maintains it at an intermediate dc bias level .

At  t ime t
1 

the charge packets are shared between the and 
~2 

elec t rodes.

At time t
2 

the 
~l 

c lock  is t u rned o f f , leaving the charge unde r the 
~2 

storage

and control elec t -odes . A t time t3, the elec trode corresponding to is

turned off , thereby transferring q to unde r the sense electrode 
~~~~

. Meanwhile ,

othe r charge packets such as q + 1 (depending upon the code in the digital

shif t-register) have been left unchanged as those 
~2 

elec t rodes have not been

clocked to the off state . At time t
1+ 

the 
~2 

electrodes that were held on at

are tu rned o f f , resulting in all the remaining charge packets being trans-

f e r r e d  to the e lec t rodes . The wei ghting on any one samp le  in  the c o r r e l a t o r

i s  therefore determined by how many of the M parallel CCD charge packets we re

t r a n s f e r r e d  to the 
~~ 

samplin g electrodes at t
3
. If all N parallel bits we re

transfe r red at t
3

, the weighting coefficient would be I; if none , the weighting

would be zero. Hence , the output of the integrator between t
3 

and t~ is p ro—

portiona ’ to the sum of the cha rge packets that we re transferred due to the

corresponding 
~2 

electrodes being turned off. At t
1+ 

the remaining 
~2 electrodes

are switched off so that all the charge packets reside under the electrodes.

Between t
1+ 

and t
1 

the integrator is reset; the cycle then repeats.
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As noted in Section I.A , for each section of the correlator two CCD channels

are operated in parallel , both being controlled by the same di g ita l shift-register.

The input si gnal and i ts comp lement are app lied to the two CCD channels , while

the output sense buses (O~) are different iall y summed by the diffe rential current

integrator (DCI). Th us, the bias charge , or fat zero, does not produce an

output f rom the DCI ; and there is no code dependent o f fset .  These features are

inhe rent in the device operation .

C. Digital Shift Register

Fi gure 8 shows the c i r cu i t  diagram of one stage o~ the s ta t i c  di g i ta l  shi f t

register , together wi th the con t rolling and output wavefo rms . The sh i f t  register

holds the reference si gnal/code tha t determines the time of charge transfe r from

to and is operated by three nonoverlapp ing c locks , 0A’ ~B’ and To

control whether the sh~ ft-register ~s connected ser ia l l y for loading or whether

each bit is continuousl y reci rculated within the same stage in the storage mode ,

is routed to the gate of either Ml or M8. The circuit ry for controlling the

routing of 0B 
allow s microp rocessor loading of the shift register and is discussed

in the fol lowing section. If a digi tal  1 is loaded into the shift  register

stage , a l ong pulse , 
~2L’ 

results , so that no sampling occurs under the

electrode in the corresponding CCD cell. If the bit is a 0, a short pulse ,

~2s’ 
occurs , with the result that the charge packe t is samp l ed.

Operation of the di gital shift reg ister can be explained by letting the

load/hold control circuitry route the 
~B 

pu l se to the gate of Ml and letting

the loa d input go high .

Whe n 
~B 

goes on , the input turn s M2 on , so that when turns off , the sou rce
of M3 discha rges to ground through M2 . The next event is when 

~~ 
goes on , this

sets the output of the shift register to zero and hence , the corresponding CCD

electrode . When goes on , the gate of M5 is connected to the drain of M2

through M4 and is therefore set to a “0.” At the same time the output of the

shift register tracks 0A 
through M6 . When 

~A 
goes off , the shift register out-

put is left floating hi gh because M5 is turned off. Consequently, a long 
~2

pulse is generated ; only when comes on will the outpu t be reset to zero. Now
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let the contro l circuitry route the next 0B 
pu l se to the gate of the hold tran-

sistor ii8. When MB is clocked , the hi gh output of the shift register is routed

to the gate of M2; hence , the previous cycle is repeated , resulting in the genera-

tion of another long 
~2 

pulse.

If the input via Ml had been a “0” rather than a “1 ,” the n when 
~ B went

off the drain of M2 would have been left f loat ing high. Hence, when went

on , the gate of M5 would have been set to a “1 ,” result ing in the source of M6
being discharged through M5 when 

~A 
turned off. This would have caused a short

~2 pulse to be generated .

D. Microprocessor Interface Circuitry

To permit microp rocessor loading of the d ig i ta l  shif t  register , load/hold

circuitry must route the 
~B 

clock to the gates of the load t rans is to rs  at t imes

determined by the presence of an asynchronous strobe pulse gene rated by the

P microp rocessor . The presence of the strobe pulse indicates that the micro-

processor is ready to send new data; this data must be accepted by the digita l

shift registers during the next cycle. If the strobe pulse does not occur

during any one cycle , the 
~B 

clock must be routed to the gate of the hold

transistor , so that the old data can be recirculated . The circuit of Figure 9

fulfills these requirements.

The circuit comprises an RS flip-flop , whose output is set wheneve r a

strobe pulse is recei ved. The output of the fli p—flop turns MC on when
clocks MA; MB is held off by the action of the inverter 11 . Consequentl y, the
gate of M8, the recirculate transistor , i s he l d  low . Wh en cl ocks MD , ME
is held off and ME is turned on by the action of 12, which also resets the
fl ip-flop . Hence, whe n ø~ goes h~gh it is routed to the gate of Ml , the load
transistor.

If there is a cycle when no strobe pulse is received , then the fli p-flop
output remains Tow , and consequentl y when Ø~ goes hi gh, MC s ta ys off , and MB
is turned on by Il. When 0A 

goes h igh , ME is turned on and ME , by the action of
12 , is turned off . Consequent ly when 

~8 
goes hi gh , it is routed through MB to

t he gate of 18. the hold t ransis tor .
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To provide the microprocessor with a data acknowled ge signa l , the Q output

of the RS flip—flop is taken off—chip. This si gnal enables the microp rocessor,

so that new data can be presented to the static shift registers.

E. Cha rge Transfer Between CCD Registers

The architecture of the general—purp ose correlator requires the output of

each 1 28—stage CCD register to be folded back along its length to the irput of the

next stage . This constraint requires the output cha rge of each CCD reg ister to

be converted to a vo l tage by a precision unity gain charge amplifier . Th e

amp lifier output is fed to the input of the following CCD where a vo l tage to

charge conversion is performed. This conversion must result in  the input charge

packet being identical in size to the cha rge packet transferred to the output

of the preceding CCD. An additional constraint is that the transfe r of charge

between CCDS must take place during one clock period without the loss of a

correlation sample. The scheme described in the following Sections meets these

requirements.

1. Clocking Scheme

Figures 10(a) and 10(b) show the output and input sections of the

CCDs w i th p lots of surface potential at various times during the cha rge

transfe r cycle. Figure 10(c) shows the wave forms required to contro l the

transfer of charge between the CCD registers.

At time t
1 

a l l  the clocks are off , and the cha rge packets are located
unde r the sampling electrodes At time t

2 ~~~‘ ~2’ 
and are turned on;

hence, cha rge is transfe rred to and 
~2 ’ or at the output ø~ and O~

. 
~ 

is

turned off at t3, the reby transferring all the charge to 
~2 

or Ø~ . At t
1+ 

the

input gate of the next CCD is turned on and at t5, ~~ turned off. This transfers

the charge packet n to the sampling electrode 05A that is connected to the unity

gain amplifier. The amplifier connects the cha rge under 05A to a voltage , wh ich

sets the ‘input diode potential of the following CCD and therefore the amount of

charge tha t i s stored under Ø~ . ~~ is driven by the same c lock wh ich dr ives a l l

the other elec t rodes , but has independent amplitude con t rol , thereby allow-

in g the fa t zero refe rence l evel to be “fine tuned .”
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At t
6 

the input gate is turned off  and hence the CVAMP has be tween

t . and t6 to s e t t l e , which at a clock rate of 1 MH Z i s  approx i ma te l y 370 ns .

i s  turned on at t
7 

so tha t the charge packe t that was located under 
~5A is

dumped into the reverse-biased diode at the end of the Cr~ register . At the

same time the 
~2 

c l o cks , including Ø~ , are selective l y turned off , depending

on the reference code in the di gi tal shi f t  register , and so samp ling unde r the
fir st -~~ elec t rode in each CCD is performed as normal. Fi gure 10(b) shows

the charge packet not bein g sampled under the first electrode and the

succeeding packe t not being samp led. A f te r  is turned off , the CVAMP , and
hence the input diode potent ial , is reset.

The clocking scheme therefo re results in each 1 28—stage CCD having the

cell at each end of the register sp lit be tween itself and the adjacent CCDs in

the serial chain. Furthermore the transfe r scheme is inverting, which requires

the outputs from the differential CCD channels to be interchanged when they are

connected to the inputs of the succeeding CCD pair.

2. Charge-to-Voltage Amp lifier

A key part of the circuitry for successfu l transfe r of charge between

CCD sh i f t - reg is ters  is a precision unity gain cha rge amplifier. As the gene ral-

purpose correlator requires 16 such amplifiers , primary requirements are l ow-

power consumption and small-silicon area. In addition , for operation at 1 MHz

with a 3 V si gnal swing, the amp lifier must settle to 1 % in 350 ns. Hig h

open l oop gain is not required , as any inaccuracy in the closed 1 oop unity

gain mode can be compensated by adjustment of t he feedback capacitor C F.

An NMOS amplifier circuit that fulfills the above requirements is shown

with its characteristics in Figure 11 . The amplifier is composed of a sing le

differential gain stage and a diffe rential to sing le-ended conversion stage. The

feedback path between Ml and M8 also p rovides for imp roved common mode rejection.

The output is taken via a source-followe r stage tha t is designed to drive a load

capacitance of up to 5 pF . Open l oop unity gain frequency compensation is pro-

vided by C~ , which also limits the amplifier slew rate. The amp lifier occupies

an area of 0.5 mm2 that includes both reset transistors and the closed 1 oop

gain adjustment capacitor CF.
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F. Differential Curren t Integrator Design

The DCI amplifi er is shown in Figure 12 with the related circuit elements .

The 10.7 pF feedback capacitor allow s a full 8 V output swing when a filter

processing gain of 0.25 is used and maximum signal is present in the CCD. The

Phase I clock feedthroug h is cancelled by a comp l ementary clock and cancellation

capacitance. Fat zero signal must be eliminated by the common mode rejection of

the ampli fier (more than 60 dB are req A ired ~ . An open l oop gain of greater

than 1000 is required for gain s t a b i l i t y .  Be iuse of the paras i t i c  capacitances ,

the amp lifier must be phase-compensated for a closed 1 oop gain of 6.7. Operation

at a 1 MHZ data rate requires that the DCI settle in — 350 ns.

A schematic of the DCI amplifie r is given in Figure 13 . The oias string

Ml~4 to MIS is matched to the level shifters M5 to M8 and Mb to M l3, so tha t

the  q u i e s c e n t  ope ra t i ng  point is well controlled . The inp ut di fferential p a i r

Ml - 112 operate at a current of 65 p.A , each g iving a gain of 26 in the first

stage.  The vol tage at node 10 is fed back to the tail current source M9 by the

source followe r M5 to p rovide increased common mode rejection and perform a

differential to sing le-ended convers i on in the first stage. The source followe r

level shifter 1110 to Ml3 p rovides the correct dc voltage to the second stage .

Phase shift through this level shifter is m inimized by the hig h frequency feed

forwa rd capacitor , CLSO.

The second stage gain of 143 is realized with an enhance gain stage Ml 9 to

1122. About 130 ~.A flow throug h both the cascode transistor M20 and the current

source M21 . 1127 buffers the second stage from both the output buffe r l oad and

a portion of the low frequency compensating capacitor , CCF , to increase the

bandwidth of the second stage.

The output is a source followe r operating at 300 ~A of current in order to

drive a load of 15 pF. Additiona l current for pull down is provided by the diode

MLS , which also con t rols the operating point of the second stage during negative

output s lewing.
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The open l oop transfe r function of the DCI amp l i f i e r  is given i n  the SPICE
simulation output of Figure 114. The unity gain crossover frequency is 31 M H z ,
and the zero phase marg in frequency is 18 MHz . A transient simulat ion for
+1— 14 V output steps is illustrated in Figure 15. All steps settle to ei gh t

bits in less than 300 ns. The p e r f o r m a n c e  of the amplifier is summarized in

Table 2.

G. Correlato r Clocking

Fi gure 16 shows the relative timing of the ten clocks required to operate

the binary/analog correlator. 
~A ’ ~B’ 

and are used to control the ope ration
of the dig ital shift reg ister , which in turn con t ro l s  the 

~2 CCO c lock , as

discussed in Section II.C. 0 , Ø~ , and IPG contro l  the transfe r of charge
between CCD registers (see Section II.E) . is the remaining CCD clock , “ R l  

and

~R2 
are the DCI reset clocks ; and are also used to reset the CVAMPs. The

clock timing has been designed to a l l o w  the max i mum poss ib l e  s e t t l i n g  time for

the DCI5 and charge amp lifiers . At a clock rate of I MHz these times are 375 ns .

The clock dr ive r c i rcui t  is shown in Figure 17. The six devices d r i v e n  by

the input l ines act as buffers between the large gates of the output devices and
the input si gnal drivers . They also p rovide an appropriate delay so tha t the

bottom of the bootstrap capacitor MB is held at ground as an ON signal is app lied .

After a short delay, M2 is turned off . The source of Ml is buolsira pped to

— 1.5 VOD , and the l oad voltage can rise to within a threshold of VDD . The device

aspect ratios are determined by the required riseti -e and load capacitance. From
the layout of the CCD and digital shift reg ister cells , the various clock loading

capacitances have been calculated and are g iven in Table 3. The hig h load capacitances

result in the drive circuits occupy ing a considerable portion of the bar area ,
— 2O~/ .  The area of the drive circuits , designed to drive the various load

capacitances with a 20 ns rise time , are also included in Table 3.
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Fi gure 15 DCI Step Response for +/— 14 V Output Swing
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Tab le  2
DCI Amplifier Perfo rmance

Operat ing Vol tages: VDD = 15 V , GND = 0 V, VBB = 5 V

Currents: (FDD/GND) = 1.07 MA

Power DiS : 16. 1 MW

Open Loop Gain: 105 8
Output Resistance: 541+ Ohms

Closed Loop (15 Pf Load) Gain = 6.7

Bandwidth = 4 .7 MHZ

Phase Margin = 78 DEG

Gain Margin = 2.73
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Table 3

Loading Capacitances and Correspondin g Clock Driver Areas

for 20 ns Rise Time

Clock Phase Capacitive Loading Drive r Area , m il s 2

1+25 pF 1+00

10 pF 57

IPG 7 pF 57

7 p F  57

720 pF 8140

11+0 pF 213

6O pF 127

~R2 10 pF 57

~ Rl 10 pF 57

10 pF 57

1+1



The maximum frequency of device operation is p rimaril y determined by the

power dissipation of the drivers. The freque’ncy limit turns out to be abou t 1 MHz,

as with 80% efficient drivers and a 15 V clock swing, the power dissipation is

_ 1+00 mW. To estimate the total chip dissipation , the drive r dissipation must be
added to that of the circuitry for generating the clock waveforms , — 150 mW ; the

seven DCrs , — i40 mW ; and the 16 charge amplifiers , — 100 mU: a total of 800 mW .

In addition to the power dissipation restricting the maximum frequency of operation

to — 1 MHz , neithe r the DCI5 nor the CVAMP5 will settle quickl y enoug h to permit

operation at much beyond this frequency.

1+2
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